Schizophrenia and bipolar disorder share genetic risk, brain vulnerability, and clinical symptoms. The ZNF804A risk variant, rs1344706, confers susceptibility for both disorders. This study aimed to identify neural mechanisms common to both schizophrenia and bipolar disorder through this variant's potential effects on cortical thickness, white matter tract integrity, and cognitive function. Imaging, genetics, and cognitive measures were ascertained in 62 healthy adults aged between 18 and 59 years. High-resolution multimodal MRI/DTI imaging was used to measure cortical thickness and major frontotemporal and interhemispheric white matter tracts. The general linear model was used to examine the influence of the ZNF804A rs1344706 risk variant on cortical thickness, white matter tract integrity, and cognitive measures. Individuals homozygous for the risk variant ('A' allele) demonstrated reduced cortical gray matter thickness in the superior temporal gyrus, and in the anterior and posterior cingulate cortices compared with C-allele carriers. No effect of the risk variant on microstructural integrity of white matter tracts was found. Reduced attention control was found in risk allele homozygotes, aligning with findings in the anterior cingulate cortex. Our data provide a novel, genetically based neural risk mechanism for the major psychoses by effects of the ZNF804A risk variant on neural structures and cognitive function susceptible in both disorders. Our findings link genetic, imaging, and cognitive susceptibility relevant to both schizophrenia and bipolar disorder.
INTRODUCTION
Although unique genetic factors are likely involved, there is now compelling evidence from population genetic (Lichtenstein et al, 2009 ) and genome-wide association (Purcell et al, 2009; Williams et al, 2011) studies that suggests that schizophrenia and bipolar disorder share considerable genetic risk. One of the most strongly associated (and replicated) genome-wide significant risk variant conferring risk for both schizophrenia and bipolar disorder is the rs1344706 single-nucleotide polymorphism (SNP), located within the zinc-finger protein 804A (ZNF804A) gene (O'Donovan et al, 2008; Purcell et al, 2009) . In silico work predicts that this variant may act as a binding site for a myelin transcription factor, serving as a link to shared findings of oligodendrocyte and myelin disruption in the postmortem brain in both schizophrenia and bipolar disorder (Riley et al, 2010) . In vivo, evidence has accumulated that corticocortical white matter tracts may be disrupted in schizophrenia (Voineskos et al, 2010b) and in bipolar disorder (McIntosh et al, 2008) . However, postmortem data demonstrating oligodendrocyte gene downregulation and reduced oligodendrocyte number in these disorders emerge primarily from studies that have sampled tissues from the cortical gray matter (Tkachev et al, 2003) . Therefore, we hypothesized that the ZNF804A variant may exert its effects on the cortical gray matter, white matter tracts connecting cortical gray matter regions, or both, to confer risk for schizophrenia and bipolar disorder.
Although there have been recent examinations of the ZNF804A variant in conjunction with structural (volumetric) MRI approaches (Donohoe et al, 2011; Lencz et al, 2010) , no investigation, to our knowledge, has yet examined the effects of ZNF804A (or any other genome-wide significant risk variants) on more refined MRI phenotypes of cortical thickness or white matter tract integrity. These MRI-based phenotypes can provide unique information regarding cortical gray matter and white matter. Cortical thickness mapping tools can be used to pinpoint differences in cortical thickness at submillimetric resolution between study populations (Lerch and Evans, 2005) . This allows for considerable refinement of earlier volumetric approaches. Cortical thickness measurements are meaningful quantitatively and are operator independent. Similarly, diffusion tensor imaging is a considerable improvement over volumetric MRI studies of the white matter, as DTI can be used to measure the white matter in a manner not possible with conventional MRI (Alexander and Lobaugh, 2007) . In particular, DTI tractography can be used to measure major white matter connections between brain regions that are essential for effective corticocortical communication (Catani et al, 2002) . Although there are unique findings for each disorder, recent evidence is emerging suggesting that alterations in cortical thickness (Rimol et al, 2010) and white matter tract integrity (McIntosh et al, 2008) may be shared neural vulnerability phenotypes for schizophrenia and bipolar disorder.
In MRI studies of schizophrenia, a characteristic cortical gray matter finding has been superior temporal gyrus volume reduction, and this structure even experiences reduction during transition to psychosis (Takahashi et al, 2009 ). However, this region is often affected in bipolar disorder as well. Conversely, reduction in the volume of the anterior cingulate cortex is arguably the most wellestablished gray matter finding in bipolar disorder (Bora et al, 2010) , although this region is also affected in schizophrenia (Fornito et al, 2009; Narr et al, 2005) . Using DTI, key frontotemporal and interhemispheric white matter tracts have been implicated in both schizophrenia (Voineskos et al, 2010b; Whitford et al, 2010) and bipolar disorder (McIntosh et al, 2008) . DTI tractography provides the opportunity to test whether the ZNF804A variant's recently demonstrated effects on frontotemporal and prefrontal interhemispheric functional disconnectivity are mediated by white matter tracts connecting those regions (Esslinger et al, 2009) . Finally, in terms of cognitive function, attention control is considered a primary overlapping deficit between schizophrenia and bipolar disorder, although working memory and verbal episodic memory performance are also affected in both disorders (Hill et al, 2008) . Therefore, we proceeded to examine whether the ZNF804A risk variant influences cortical thickness, white matter tract integrity, and cognitive performance to confer an intermediate risk phenotype for the major psychoses.
MATERIALS AND METHODS

Participants
A total of 62 healthy Caucasian volunteers met the inclusion criteria (age between 18 and 59 years; right handedness) and none of the exclusion criteria (any history of a mental disorder, current substance abuse, or a history of substance dependence; positive urine toxicology, a history of head trauma with loss of consciousness, seizure, or another neurological disorder; a first-degree relative with a history of psychotic mental disorder). All participants were assessed using the Edinburgh handedness inventory (Oldfield, 1971) , the Wechsler Test for Adult Reading, and the Hollingshead index (Hollingshead, 1975) ; all were interviewed by a psychiatrist, and completed the Structured Clinical Interview for DSM-IV Disorders (First et al, 1995) . They also completed a urine toxicology screen. The study was approved by the Research Ethics Board of the Centre for Addiction and Mental Health (Toronto, Canada), and all participants provided informed, written consent.
Neuroimaging
Image acquisition. High-resolution magnetic resonance images were acquired as part of a multi-modal imaging protocol using an eight-channel head coil on a 1.5-T GE Echospeed system (General Electric Medical Systems, Milwaukee, WI), which permits maximum gradient amplitudes of 40 mT/m. Axial inversion recovery-prepared spoiled gradient recall images were acquired: (echo time (TE): 5.3, repetition time (TR): 12.3, time to inversion: 300, flip angle 20, number of excitations ¼ 1 (124 contiguous images, 1.5 mm thickness). For DTI acquisition, a singleshot spin-echo planar sequence was used with diffusion gradients applied in 23 non-collinear directions and b ¼ 1000 s/mm 2 . Two b ¼ 0 images were obtained. A total of 57 slices were acquired for whole-brain coverage oblique to the axial plane. Slice thickness was 2.6 mm, and voxels were isotropic. The field of view was 330 mm, and the size of the acquisition matrix was 128 Â 128 mm 2 , with TE ¼ 85.5 ms and TR ¼ 15 000 ms. The entire sequence was repeated three times to improve signal-to-noise ratio.
Image Processing
Cortical thickness mapping. All MRIs were submitted to the CIVET pipeline (version 1.1.9). T1 images were registered to the ICBM152 nonlinear sixth-generation template with a nine-parameter linear transformation, inhomogeneity corrected (Sled et al, 1998) and tissue classified (Tohka et al, 2004; Zijdenbos et al, 2002) . Deformable models were then used to create white and gray matter surfaces for each hemisphere separately, resulting in 4 surfaces of 40 962 vertices each (Kim et al, 2005; MacDonald et al, 2000) . From these surfaces, the t-link metric was derived for determining the distance between the white and gray surfaces (Lerch and Evans, 2005) . The thickness data were subsequently blurred using a 20-mm surface-based diffusion blurring kernel in preparation for statistical analyses. Unnormalized, native-space thickness values were used in all analyses owing to the poor correlation between cortical thickness and brain volume. Normalizing for global brain size when it has little pertinence to cortical thickness risks introducing noise and reducing power .
DTI Image Analysis, Whole-Brain Tractography, and Clustering Segmentation
The three repetitions were co-registered to the first b ¼ 0 image in the first repetition using FSL (v. 4.0; http:// www.fmrib.ox.ac.uk) to produce a new averaged image, with gradients re-oriented using a weighted least squares approach. Registration corrects eddy current distortions and subject motion, which are important artifacts that can affect data, and averaging improves the signal-to-noise ratio. A brain mask was then generated. Points were seeded throughout each voxel of the brain. Whole-brain tractography was performed with a deterministic (streamline) approach (Runge-Kutta order two tractography with a fixed step size of 0.5 mm). More detailed descriptions of our tractography approach and our clustering segmentation algorithm can be found elsewhere (O'Donnell et al, 2006; Voineskos et al, 2009) , and thus are summarized here. Threshold parameters for tractography were based on the linear anisotropy measure C L , which provides specific advantages over thresholding using FA (Ennis and Kindlmann, 2006; Westin et al, 2002) . The parameters chosen for this study were: T seed ¼ 0.3, T stop ¼ 0.15, and T length ¼ 20 (in mm). Tractography and creation of white matter fiber tracts were performed using 3D Slicer (http://www.slicer.org) and Matlab 7.0 (http://www.mathworks.com).
A pairwise fiber trajectory similarity was quantified, and the directed distances between fibers 'A' and 'B' were converted into a symmetric pairwise fiber distance. A spectral embedding of fibers was then created based on the eigenvectors of the fiber affinity matrix, and the shape similarity information for each fiber was calculated using a k-way-normalized cuts clustering algorithm (O'Donnell et al, 2006) .
Once the whole-brain cluster model was produced, a trained operator (ANV) combined clusters corresponding to a given fiber tract. As reported elsewhere (Voineskos et al, 2009) , excellent spatial and quantitative reliability using this clustering method (ie, both voxel overlap and scalar measures of the tensor showed high agreement) has been demonstrated. For each white matter tract, Matlab (v. 7.0) was used to calculate a mean FA (Basser and Pierpaoli, 1996) value and a mean radial diffusivity (Song et al, 2005) value along the selected tract. In addition, two raters with previous experience using this method, and previously determined high reliability, completed the clustering and segmentation protocols on 10% (n ¼ 6) of the current sample. The intraclass correlation coefficient was measured for all tracts for both FA and radial diffusivity using a two-way mixed-effects model.
A recent fMRI investigation demonstrated that the ZNF804A risk variant influences connectivity between the left and right dorsolateral prefrontal cortices (Esslinger et al, 2009 ), brain regions connected by the genu of the corpus callosum (Voineskos et al, 2010a) . This same fMRI investigation showed that this risk variant also influenced frontotemporal connectivity. Major frontotemporal white matter tracts that subserve this neuroanatomical circuitry include the cingulum bundle that connects the frontal cortex through the cingulate cortex to the hippocampal formation (Kubicki et al, 2003) , the arcuate fasciculus, which connects Broca's area to Wernicke's area (Catani et al, 2005 (Catani et al, , 2007 , and the uncinate fasciculus, which connects the orbitofrontal cortex to the temporal pole and the amygdala (Kubicki et al, 2002) . Furthermore, the uncinate fasciculus and cingulum bundle have been identified as disrupted in both schizophrenia and bipolar disorder. Therefore, we segmented and measured the genu of the corpus callosum, and left and right cingulum bundle, arcuate fasciculus, and uncinate fasicuclus (Figure 1 ).
Genetics and In Silico Prediction
The ZNF804A SNPs rs1344706 (A4C) was genotyped in each subject. The SNP rs1344706 is present in the second intron of the ZNF804A gene (chr2:185778178, dbSNP build 131). A volume of 10 ml of venous blood was obtained from study participants, and DNA was extracted using the highsalt method (Lahiri et al, 1992) .
Genotyping of this polymorphism was performed using a standard ABI (Applied Biosystems) 5 0 nuclease Taqman assay-on-demand protocol in a total volume of 10 ml. Postamplification products were analyzed on the ABI 7500 Sequence Detection System (ABI, Foster City, California) and genotype calls were performed manually. Results were verified independently by two laboratory personnel blinded to demographic and phenotypic information. Quality control analysis was performed on 10% of the sample.
We carried out in silico prediction using a 31-bp sequence including the rs1344706 C4A polymorphism to predict allele-specific binding of transcription factors (MatInspector vr. 8.0.4, Genomatix). We also explored the possibility of an experimentally verified splicing regulatory proteinbinding site (SpliceAid: http://www.introni.it/splicing.html) and protein binding because of this polymorphism (Human Splicing finder: http://www.umd.be/HSF/).
Cognition
We measured effects of the ZNF804A variant on cognitive tests of attention control (using the Stroop Color-Word test), the cognitive domain with substantial evidence for impairment in both schizophrenia (Liu et al, 2002) and bipolar disorder (Quraishi and Frangou, 2002) . We also measured working memory performance using the Letter Number Sequence task and verbal episodic memory performance using the List Recall task from the Repeatable Battery for the Assessment of Neuropsychological Status. Working memory and verbal episodic memory are susceptible in both disorders, although they may be more severely affected in schizophrenia (Hill et al, 2008) .
Statistical Analysis
Three separate analyses were performed according to the general linear model to examine the effects of the ZNF804A risk variant on (1) cortical thickness, (2) white matter tract integrity, and (3) cognitive performance. Two genotypic groups were created: AA homozygotes and C-allele carriers. The genotypic group served as the between-group factor in each model, and age was used as a covariate.
(1) The first model examined an ANCOVA relating the ZNF804A genotype to cortical thickness. Statistical thresholds were determined by application of a 5% false discovery rate (FDR) correction, where qo0.05 was considered significant (Genovese et al, 2002) .
(2) The second model used a repeated-measures ANCO-VA with the ZNF804A genotype group as the between-group factor, and age as the covariate, to examine white matter tract FA (all tract FA values were within-group measures). A similar analysis was conducted for radial diffusivity of white matter tracts.
(3) For cognitive performance, a repeated-measures ANCOVA was performed with the ZNF804A genotype group as the between-group factor and age as the covariate with scores on the Stroop Color-Word test, the Letter Number Sequence task, and the List Recall task as the within-group measures.
RESULTS
A 100% genotyping rate and 100% concordance rate for quality control were achieved. No difference on any demographic measures between the two genotypic groups was found (Table 1) . High reliability across two raters was found for both FA and radial diffusivity measurements for all white matter tracts. For FA, the intraclass correlation coefficient (all tracts) ¼ 0.93 (po0.001), and for radial diffusivity, the intraclass correlation coefficient (all tracts) ¼ 0.94 (po0.001).
(1) A-allele homozygotes (ie, those homozygous for the risk variant) demonstrated reduced cortical thickness in the posterior cingulate gyrus (t ¼ 4.9, q ¼ 0.02), the anterior cingulate gyrus (t ¼ 4.1, q ¼ 0.05), and the superior temporal gyrus (t ¼ 4.1, q ¼ 0.05), compared with C-allele carriers (Figure 2) . No other cortical regions differed significantly between genotypic groups at the 5% FDRcorrected threshold.
(2) For white matter tract FA, repeated-measures ANCOVA revealed no main effect of the genotype group (F 1,59 ¼ 1.2, p ¼ 0.3), nor any genotype group by tract FA interaction (Greenhouse-Geiser correction: F 5,278 ¼ 0.4, p ¼ 0.9). Similarly, no main effect of the genotype group (F 1,59 ¼ 0.2, p ¼ 0.6) nor any group by tract interaction (Greenhouse-Geiser correction: F 5,287 ¼ 1.1, p ¼ 0.4) was found for radial diffusivity, a measure that may be specific to myelination. We then proceeded to explore on a tract-bytract basis whether any tracts might have been different between groups at an uncorrected a ¼ 0.05. However, genotypic groups were not different on measures of tract FA or radial diffusivity at this significance threshold.
(3) A significant genotype group by task interaction was revealed (Greenhouse-Geisser correction: Table S1 ).
In silico prediction revealed that the presence of the A allele creates a binding site for Myelin transcription factor 1-like, neuronal C2HC zinc-finger factor 1 (MYT1L, 2p25.3; matrix similarity ¼ 0.96), whereas the presence of the C allele creates a binding site for Homeobox and leucine zipper-encoding transcription factor (HOMEZ, 14q11.2; matrix similarity ¼ 0.92). These predictions are similar to those reported by Riley et al (2010) . We did not identify any experimentally verified splicing regulatory protein-binding site nor any highly reliable predicted protein binding altered by this polymorphism. Furthermore, this polymorphism is present 419 kb away from the nearest exon/ intron junction reducing the probability of having an important role in splicing. Therefore, the currently available evidence supports the possibility that this risk variant lies in a transcription factor-binding site, and is associated with expression of the gene.
DISCUSSION
Our main finding is that we localized effects of the ZNF804A risk variant to thickness of the posterior cingulate cortex, the anterior cingulate cortex, and the superior temporal gyrus, structures disrupted in both schizophrenia and 
Socioeconomic status a 49 ± 9 5 4 ± 7 t ¼ À1.8, p ¼ 0.07
Diastolic BP 73 ± 9 7 7 ± 9 t ¼ À1.8, p ¼ 0.10
Abbreviations: BP, blood pressure; CIRS-G, Cumulative Illness Rating ScaleGeriatrics; WTAR, Wechsler Test of Adult Reading.
a Four factors are education, occupation, sex, and marital status.
Of the 39 C-allele carriers, 6 were homozygotes, and the sample was in Hardy-
bipolar disorder. Furthermore, a potential association of the ZNF804A variant with attention control, a cognitive domain mediated primarily by the anterior cingulate cortex was found. True to the intermediate phenotype approach (Meyer-Lindenberg and Weinberger, 2006) , gene effects were more penetrant at the level of the brain, rather than behavior. Taken together, our findings provide convergent evidence for the ZNF804A risk variant as a genetic susceptibility mechanism on at-risk neural structures and cognitive function susceptible in both schizophrenia and bipolar disorder. The ZNF804A risk variant shows genome-wide significance for both schizophrenia and bipolar disorder (O'Donovan MC et al, 2008; Purcell et al, 2009 ) and maps onto cortical regions vulnerable in both disorders (Rimol et al, 2010) . The influence of this variant on the right anterior cingulate cortex thickness and left superior temporal gyrus thickness is consistent with neuroimaging data implicating these regions in both disorders. The recent 'head-to-head' comparison of schizophrenia and bipolar disorder patients using cortical thickness mapping throughout the cortex found reductions in thickness of the right anterior cingulate cortex and left superior temporal gyrus in both patient groups compared with healthy controls (Rimol et al, 2010) . These cortical thickness findings agree with earlier studies demonstrating that the superior temporal gyrus is consistently reduced in volume in schizophrenia and occasionally in bipolar disorder (Kasai et al, 2003; Takahashi et al, 2009) . In parallel, the anterior cingulate cortex is characteristically affected not only in bipolar disorder but also in schizophrenia (Bora et al, 2010; Fornito et al, 2009; Szeszko et al, 2000) . Posterior cingulate cortex volume reductions have been shown in schizophrenia and bipolar disorder patients as well (Koo et al, 2008; Yatham et al, 2007) . The posterior cingulate cortex is a key node of the default network, and thus our finding that the ZNF804A risk variant influences thickness of this structure supports and extends another recent finding suggesting that this variant may, in part, exert risk for the major psychoses through effects on the default mode network (Lencz et al, 2010) . Although initial evidence has accumulated for disruption of the default mode network in schizophrenia (Calhoun et al, 2008) , recent data have suggested that bipolar disorder patients may share disruption of this network with schizophrenia patients (Ongur et al, 2010) .
The lack of the risk variant's effect on microstructural integrity of white matter tracts was surprising, given the recent findings of impaired effective connectivity in regions connected by these tracts (Esslinger et al, 2009) , and our in silico prediction of the A allele at rs1344706 as a myelin/ oligodendrocyte transcription factor-binding site. Overlapping findings of white matter tract vulnerability in schizophrenia and bipolar disorder suggest that key white matter tracts (eg, the uncinate fasciculus) may serve as neural susceptibility phenotypes relevant to both disorders. White matter pathology including reductions in oligodendrocyte number and downregulation of oligodendrocyterelated genes overlap strikingly in schizophrenia and bipolar disorder, particularly in cortical regions (Tkachev et al, 2003) . In vivo investigations using fMRI and cognitive performance as phenotypic probes of genome-wide significant variants are notable in that the circuitry and impaired connectivity between regions influenced by ZNF804A is relevant to both schizophrenia and bipolar disorder (Esslinger et al, 2009; Walter et al, 2010, March 16) . For instance, in one of these investigations, altered patterns of frontotemporal and interhemispheric connectivity were demonstrated during a working memory task (Esslinger et al, 2009) . DTI tractography offered us the opportunity to determine whether such disconnectivity and influence on cognitive function is mediated by variation in key white matter tracts connecting these regions. Therefore, despite the considerable biological plausiblility for an effect of ZNF804A in white matter tracts, it is possible that ZNF804A exerts its effects by oligodendrocyte-related pathology in the cortical gray matter, rather than in the white matter as part of a common etiopathogenic pathway for schizophrenia and bipolar disorder.
We found that the ZNF804A risk variant influenced attention control, consistent with the finding of reduced thickness at the anterior cingulate cortex, the main region responsible for this cognitive function. Studies of the effects of the ZNF804A risk variant support its effects on cognitive domains susceptible in both schizophrenia and bipolar disorder, such as attention control (Balog et al, 2010) and working memory and verbal episodic memory performance (Walters et al, 2010) , although the direction of the allelic effect across these studies is not consistent. Although we demonstrated that the ZNF804A variant influences superior temporal gyrus thickness, no corresponding influence on working memory was found, although there was a trend for A-allele homozygotes to perform better on the working memory task, in line with a recent investigation (Walters et al, 2010) .
Certain limitations of our study are worth considering. The ZNF804A risk variant did not influence all cortical regions that may share susceptibility between schizophrenia and bipolar disorder, eg, the dorsolateral prefrontal cortex (Rimol et al, 2010) . Although we anticipated effects of this risk variant on white matter tract integrity, it may be that other genome-wide significant variants common to the major psychoses influence white matter integrity susceptibility. It is also possible that other white matter tracts, not examined in this study, might have been influenced by this risk variant. In addition, although there is evidence to support the rs1344706 SNP as the actual risk variant within the ZNF804A gene (Riley et al, 2010; Williams et al, 2010) , it is possible that a nearby SNP in linkage disequilibrium with rs1344706 may be the causative risk variant. Regarding cognitive performance, although a significant genotype by cognitive task interaction was found, our follow-up analysis demonstrating the effect of genotype on attention control would not have survived Bonferroni's correction. Nevertheless, this finding was valuable in that the direction of effect was the same as that for our cortical thickness findings, and, more importantly, there was biological convergence, given the risk variants' effects on the thickness of the anterior cingulate cortex. Finally, a limitation of the intermediate phenotype approach is that conclusions regarding disease severity, outcome, and treatment are difficult to make, given that disease patients (eg, those with schizophrenia and bipolar disorder) are not included for study. It is even possible that what appears to be the risk allele in healthy individuals may confer a less severe disease phenotype in patients (Donohoe et al, 2011; Walters et al, 2010) . However, our work highlights the fact that the imaging-genetics intermediate phenotype strategy can be particularly useful for discovering genetically based neural risk mechanisms independent of DSM-IV-or ICD10-based diagnoses, as it is becoming increasingly clear that genetic and neural risk mechanisms cut across traditional diagnostic boundaries (Craddock and Owen, 2010) .
Overlapping clinical presentations of schizophrenia and bipolar disorder have been observed since the original description of these illnesses (Craddock and Owen, 2010) . A diagnosisFschizoaffective disorderFhas even been created to deal with these nosological challenges. More recently, this debate has extended to neurobiological circles, as genetics and neuroimaging studies have demonstrated shared genetic vulnerability and at-risk neural circuitry, respectively, for these disorders. Our findings of a genomewide significant variant's effects on neural structures and cognitive performance relevant to schizophrenia and bipolar disorder provide a genetic susceptibility mechanism of a shared neurobiological risk pattern for these illnesses.
